We are able to continuously change the direction of polarization of spin accumulation in a nonmagnetic metal by varying the currents injected by two ferromagnetic spin injectors. From measurements made at a distance from the injection area, we find a cos variation of the spin signal. This confirms that the angle of polarization of the nonlocal spin polarization with respect to the magnetization of the fixed spin detector is continuously varied as we change the injection currents. We give an explanation for the origin of this simple cos variation of the spin signal. Accumulation of electron spins in nonmagnetic metals, insulators, and semiconductors due to spin injection induces nontrivial properties for a new generation of spintronic devices [1] . Therefore, efficient spin injection techniques into nonmagnetic materials are indispensable for developing information reading and storage devices based on spindependent transport. The conventional electrical spin injection is performed by injecting the spin-polarized current from a single ferromagnetic injector into nonmagnetic metals [2 -4]. The direction of the spin accumulation in the nonmagnetic metal is fixed by the magnetization of the ferromagnetic injector. When two or more ferromagnetic injectors are utilized, we may have greater control over the direction of the spin accumulation in nonmagnetic metals. Here, we study spin accumulation in normal metals under dual spin injection by using lateral spin-valve structures. The present experiment has two novel features: (i) it is able to continuously vary the angle (axis) of polarization of the spin current injected in a normal metal, and thereby accumulation by electrical means (rather than by magnetic fields); and (ii) it finds a simple cos variation as the angle (axis) of the polarization of the nonlocal spin accumulation is varied between ÿ=4 =4 with respect to a magnetization of a fixed spin detector. This second aspect is particularly surprising inasmuch as the angular dependence of the resistance of noncollinear magnetic layers is quite different from cos [5, 6] . Here we provide the understanding for these two features.
Accumulation of electron spins in nonmagnetic metals, insulators, and semiconductors due to spin injection induces nontrivial properties for a new generation of spintronic devices [1] . Therefore, efficient spin injection techniques into nonmagnetic materials are indispensable for developing information reading and storage devices based on spindependent transport. The conventional electrical spin injection is performed by injecting the spin-polarized current from a single ferromagnetic injector into nonmagnetic metals [2 -4] . The direction of the spin accumulation in the nonmagnetic metal is fixed by the magnetization of the ferromagnetic injector. When two or more ferromagnetic injectors are utilized, we may have greater control over the direction of the spin accumulation in nonmagnetic metals. Here, we study spin accumulation in normal metals under dual spin injection by using lateral spin-valve structures. The present experiment has two novel features: (i) it is able to continuously vary the angle (axis) of polarization of the spin current injected in a normal metal, and thereby accumulation by electrical means (rather than by magnetic fields); and (ii) it finds a simple cos variation as the angle (axis) of the polarization of the nonlocal spin accumulation is varied between ÿ=4 =4 with respect to a magnetization of a fixed spin detector. This second aspect is particularly surprising inasmuch as the angular dependence of the resistance of noncollinear magnetic layers is quite different from cos [5, 6] . Here we provide the understanding for these two features.
The lateral spin valve used for the present study consists of two Permalloy injectors Py1 and Py2 and a detector Py3, bridged by a Cu strip. Figure 1 shows a scanning-electronmicroscope (SEM) image of the prepared device. Here, the easy axes of the Py injectors are tilted by =4 from the horizontal axis. The two Py injectors are 80 nm in width and 30 nm in thickness; their edges are patterned into needle shapes so as to prevent the influence of the demagnetizing field in the remanent state. The Py detector, which has an easy axis parallel to the horizontal axis, is 100 nm in width and 30 nm in thickness. It should also be noted that the switching fields of injectors are well tuned not to exceed the switching field of the Py detector. The Cu strip is 280 nm in width and 80 nm in thickness. The interfaces between the Py and Cu wires were well cleaned by low voltage Ar-ion milling prior to the Cu deposition resulting in Ohmic contacts, i.e., very low resistance and transparent. The spin accumulation in the Cu strip induced by the dual spin injectors is studied by measuring the nonlocal spin-valve signal with the probe configuration shown in Fig. 1(a) [2 -4] . The measurements were performed by using the conventional current-bias lock-in technique with an amplitude of 0.2 mA at 77 K. The external magnetic field H is applied along the horizontal axis, i.e., parallel to the detector Py3.
In the present geometry the polarization of the spin current injected from each wire into the Cu strip is parallel to the magnetization in the wire so as to obtain a homogeneous remanent state along the wire without influencing the demagnetizing field. The out-of-equilibrium spin density deposited by the injecting wires depends on the relative currents i 1 and i 2 . All things being equal, i.e., wires and contacts, we can write the out-of-equilibrium density injected on the Fermi surface in the normal metal asĝ N 1ĝ1 2ĝ2 , where 1=2
are the proportions entering from the individual wires, andĝ 1=2 are the spinor densities that would be deposited into the normal metal when each wire acts independent of the other [7] . The spinors represent the charge and spin distributions in a 2 2 spin space of an electronĝ g 0 1 g . Hereg is parallel to the magnetization of the injecting wireM (a caret over the magnetization denotes a unit vector), i.e., g g M . As we are superposing these distributions on a normal Fermi sea with no preferred axis of spin quantization the out-of-equilibrium spin distribution injected in the Cu wire is
where
and is a vector whose components are the Pauli spin matrices. We are free to choose any set of states for its quantization, and the natural choice is one parallel to the resultant of the two vector distributions; in this manner the spinor distribution in the 2 2 spin space is diagonal
where g z N jg N j g N . From these equations we see that with this geometry one achieves a uniform electrical control of the direction (axis) of polarization for the injected out-of-equilibrium spin distribution, Eq. (3), through the proportion of currents 1=2 injecting distributions polarized alongM 1 andM 2 (here the hats represent unit vectors), i.e., the natural axis of quantization for the polarization of the spin distribution in the normal wire when we take g 1 g 2 g is
andg N gmi 1 ; i 2 . We readily see that the direction of spin polarization can be varied betweenM 1 andM 2 by changing the currents in the two wires.
Once injected through the two magnetic wires instead of one in the usual geometry [see Fig. 1(a) ], as described above, the analysis for the detection of the out-ofequilibrium spin accumulation is the same as that for the conventional spin switch [8] [9] [10] , with one caveat, i.e., that the polarization of the spin current is not collinear with the magnetic axis of the spin detector Py3; see Fig. 1(b) [11] .
For the magnetizations of the spin injectors Py1 and Py2 aligned as shown Figs. 1(a) and 1(b) we see that the angle of the polarization of the out-of-equilibrium spin distribution in the normal Cu wire (mi 1 ; i 2 ) can be continuously varied between =4 when i 2 0, and ÿ=4 when i 1 0, i.e., ÿ=4 =4. In addition, by using a magnetic field one can reverse the magnetizations in Py1 and Py2, so thatM 1 ) ÿM 1 which implies that 3=4 5=4. To orient the polarization along other directions requires that one reorientM 1 relative toM 2 ; this has not been probed up until now.
In Fig. 2(a) we show the nonlocal spin-valve signal for various current ratios. In the measurement the magnetic field was swept between ÿ600 and 400 Oe, in order to fix the magnetization of the detector Py3. The difference of the charge chemical potentials measured on the spin detector Py3 [see Fig. 1(a) ] when the polarization of the spin accumulation is parallel (P) and antiparallel (AP) to the magnetization of the spin detectorM 3 (which is held fixed at 0 0 ) is the usual method of detecting nonlocal spin accumulation [2, 8] , i.e., V P ÿ V AP R s I, where I i 1 i 2 ; the spin signal is the difference of the potentials V P ÿ V AP and this is proportional to Trĝ 3 ÿĝ 3 , because the magnetization of the detector Py3 is held fixed while the magnetic field changes the directions of the magnetization in the ferromagnetic wires injecting the spin accumulation. In the nonlocal spin-valve signal under the dual injection shown in Fig. 2(a) , the accumulation is not collinear with the detector, except when 0 for i 1 i 2 , and we define the ''spin signal'' R s for noncollinear structures as
I s is the magnitude of the spin current as a function of and p is the spin polarization. As shown Fig. 2(b) , under the condition that the charge current I i 1 i 2 is held fixed as we vary , we find R s varies as cos; it follows we find that only the component of the spin accumulation that is parallel and antiparallel (collinear) to the detector contributes to the signal. This is a particularly simple variation with angle that is unanticipated from the angular dependence of the resistance R heretofore found in magnetic multilayers [5, 6] . While for the very simplest case of free electrons one can envision such a simple angular dependence [12] the role of the band structure and spin accumulation in multilayers conspire to produce far more complicated angular variations [5, 6] . Also, the spin signal in our experiment is defined as the difference of two measurements [see Eqs. (6) and (7)]; therefore, as we show, this leads to a cancellation of other than the simplest angular dependencies.
The origin for the simple dependence of the spin signal lies in the fact that the current, rather than the potential drop, is held fixed as we vary the angle , and also that, while there is a spin current, the charge current is zero when measuring V. The latter is very clear from the analysis of Lee et al. [8] in which one sees that there is no net charge current across the interface between the normal layer that contains the spin accumulation and the ferromagnetic layer which senses it; in a traditional resistance measurement a charge current exists. The explanation for the appearance of only the component of the spin accumulation collinear with the detector is as follows. The out-of-equilibrium distribution injected in the normal metal that is transmitted to the ferromagnetic detector Py3 across a contact is
where the transmission matrixT , as defined here connects the distributions on the two sides of an interface (contact); it contains in general off-diagonal elements which represent spin-flips (mixing) as well as diagonal terms, spindependent non-spin-flip terms,
Under the condition that the charge current is held fixed as we vary the spin accumulation coming from the two spin injectors [see Eqs. (3) and (5)] is
and the spin current is
where p is the spin polarization of the current in the injectors Py1 and Py2 which we have assumed are the same except for their orientation. For the geometry shown in Fig. 2 we find
From Eqs. (10) and (11) we see that the vectorsg N and I s are parallel so that, as we will presently see, this dependence on in the ratio R s , Eq. (6), cancels.
To determine the accumulation perceived by the spin detector Py3 Eq. (8) we have to rotate (in spin space) the axes of quantization of the out-of-equilibrium distribution g N , Eq. (4), to coincide with those of the detector, i.e., to be parallel to its magnetizationM 3 ,
whereg N is given by Eq. (10), and we have neglected the part of the accumulation coming from the detector itself, but this does not alter our conclusions. We see that in the reference frame of the spin detector the dependence on enters twice; once from the ''magnitude'' of the spin accumulationg N , and then from the rotation so that the axes of the accumulation in the normal metal coincide with that of the detector. The first comes from the way we have injected the spin accumulation, i.e., through the currentsĩ 1 andĩ 2 , and is not related to the second. In the AP configuration ! the angle dependent terms inĝ N change sign (due to the sin and cos terms in Eq. (13), but the magnitudeg N does not. However, it is important to recognize that the spin-flip terms in the transmission matrix may also change sign depending on the origin of these terms; this is seen as follows. In general spin flips in ferromagnets, and more specifically at interfaces with normal metals, are inelastic processes and are frozen out at low temperatures; therefore the only spin flips are those induced by the spin accumulation arising from nearby noncollinear magnetic wires. This is precisely the case we are studying when Þ 0, and has previously been studied when a charge current passes through both magnetic wires; i 1 i 2 as well as Py3 in our geometry [13] . The spin-flip transmission matrix elements in this case [see Ref. [13] , Eqs. (7) and (14)] change sign when ! so that the terms proportional to sin do not change sign in the diagonal elements of the spin detectorĝ 3 [see Eq. (8)]; hence they do not enter the trace Trĝ 3 ÿ g 3 . This is reasonable inasmuch as these spinflip terms are due to the spin accumulation itself, and change sign when the accumulation does. For this case we find from Eqs. (6)- (13),
Indeed the sole surviving dependence from is cos; precisely as observed in our measurements. For other origins of spin-flip transmission T "# the sign of this element does not necessarily change when ! ; and when it does not we find from Eqs. (6)- (13), the spin signal R s Trĝ 3 ÿĝ 3 is
Note that only the diagonal or longitudinal elements of the spinor distribution affect the charge chemical potential which is being measured here so what happens to the offdiagonal terms does alter our observations. While the real (Re) part of T "# may be comparable to the diagonal elements the imaginary (Im) component is usually quite small; therefore as only this component enters an observable such as R s (an observable must be real), we find the component of the spin signal coming from the component of the out-of-equilibrium spin accumulation transverse to the magnetization of the spin detector Py3 (proportional to sin) is small, and it has not been observed in the present experiments. At finite temperature inelastic spin-flips occur which produce off-diagonal terms in the transmission matrix T "# ; in this instance they have been modeled as reducing the longitudinal component of the spin distribution (g z N cos), and as such do not have the transverse component enter g z N sin [8] . It follows this difference, R s , is sensitive to only the component of the out-ofequilibrium spin distribution collinear (P or AP) withM 3 , i.e., g z N cos. We conclude that while the ohmic resistance drop across noncollinear magnetic layers R may have contributions from the current induced spin-flips [6] , the spin signal detected in our experiment has the simple cos for R s .
We have shown that by injecting current through two magnetic wires at an angle to one another one is able to control the direction (axis) of polarization of the spin current by electrical means. In this manner we are able to change the axis of polarization of the spin accumulation in the normal Cu wire while maintaining the direction of the spin detector fixed. The spin signal which arises from the interaction of the spin accumulated in the normal Cu wire with the magnetization of the spin detector is sensitive to only the component of the accumulation parallel to the detector. With this novel technique we have extended the nonlocal detection of spin accumulation to noncollinear situations. By using the methods developed for spin transport in noncollinear magnetic multilayers we are able to understand our surprisingly simple cos dependence of the spin signal.
